The coagulation of oppositely charged latexes, prepared from the soap-free emulsion polymerisation of styrene using water as the reaction medium, resulted in the obtainment of colloidal gels that were porous in nature and held together by electrostatic interactions. Chemical crosslinking, involving the introduction of a water-soluble crosslinker, resulted in the obtainment of stronger chemical bonds between particles affording a rigid porous material known as a monolith. It was found that, in a simpler approach, these materials could be prepared using a single latex where the addition of ammonium persulfate both resulted in the formation of the colloidal gel and initiated the crosslinking process. The pore size of the resulting monoliths was predictable as this was observed to directly correlate to the particle diameter, with larger pores achieved using particles of increased size. All gels obtained in this work were highly mouldable and retained their shape, which allowed for a range of formats to be easily prepared without the requirement of a mould.
Introduction
Since their development in the 1990s 1,2 polymer monoliths with an interconnected network of pores have attracted significant attention, in particular as materials for solid phase chemistry, 3 as catalytic supports, 4-8 metal chelating agents, 9 tissue engineering scaffolds, 10, 11 controlled release devices, 12 absorbents, 13 chromatography, 2, 3, [14] [15] [16] and for extraction and sample preparation. 9, [17] [18] [19] The polymer monoliths are characterised as a permanently rigid continuous piece of material with an open cellular porous structure, which allows fluid to flow through. 2 When applied as stationary phases in separation science, they have several advantages over conventional formats such as packed-beds, owing to their high permeability, enhanced mass transfer as a result of convective flow, ease of miniaturisation, and the associated lower solvent/sample consumption. These properties allow for higher-throughput and greater process efficiency. 14 In accordance polymer monoliths have been identified as greener alternatives to these other formats. [4] [5] [6] [7] 10, 14 Polymer monoliths are most commonly prepared by freeradical polymerisation induced phase separation from a mixture of monomers, initiator, and solvent, the latter referred to as the porogen. 3, 20 During polymerisation the growing polymer chains undergo phase separation and precipitate from the mixture hereby forming the monolithic structure, which is often covalently crosslinked. 21 The choice of porogen itself is more historical than based on a set of rigid scientific criteria; with most groups opting for previously published solvent mixtures. 22 Note that the porogen in principle can also be a polymer, for example poly(ethylene glycol), which is not compatible with the polymer matrix formed upon polymerisation. 23, 24 A wide variety of monomers have been utilised for this approach, including acrylates, 25, 26 methacrylates, 27, 28 styrene/divinylbenzene [29] [30] [31] and acrylamides. 32, 33 In particular poly(styrene)-based monoliths have been demonstrated to be green alternatives for catalysis, [4] [5] [6] [7] as absorbents, 13 and for chromatography. 14 However, the porogen utilised in their preparation, in most cases, consists of a mixture of toluene and dodecanol, and the monolith is often purified using THF. [4] [5] [6] [7] 31 The use of toluene and THF is concerning from an industrial and environmental perspective, as both have been classed as problematic for implementation at the production scale, based on a set of safety, health and environmental criteria. 34 It is therefore desirable to utilise greener alternatives. However replacement of the porogenic solvent is not a straightforward process, requiring re-optimisation of its composition and the polymerisation conditions, with no guarantee that suitable porous properties will be obtained. 22, 35 and environmental impact of surfactant waste is unclear, requiring an in-depth investigation for individual cases. [38] [39] [40] [41] In addition, surfactants can also act as plasticisers for polymerbased materials reducing their mechanical properties. 42, 43 Ionic liquids have also been employed in the preparation of poly(styrene)-based monoliths, 14 however much debate about their green credentials exist, [44] [45] [46] [47] [48] in particular relating to their synthesis, environmental impact and intrinsic properties. Alternatives for the preparation of these materials should be explored to alleviate these concerns. The use of particles as colloidal building blocks to fabricate porous materials has a range of attractive options. We previously demonstrated the fabrication of a gas sensor using a mixture of colloids. 49 However, control of pore structure is tedious as one relies on ice crystal templating. A more straightforward route that caught our attention was to make use of colloidal gels, in particular those formed from the coagulation of oppositely charged particles. [50] [51] [52] [53] For example, Wang et al. 51 prepared a porous network from the coagulation of oppositely charged poly(D,L-lactic-co-glycolic acid) (PLGA)-based nanoparticles, with potential for use as a tissue engineering scaffold. Colloidal gels themselves are soft supracolloidal materials with a characteristic yield stress, above which the assembled gel monolith breaks down into its colloidal components and flows, and this behaviour is useful for the preparation of injectable porous materials. For example, hydrogels prepared from the combination of oppositely charged dextran microspheres have been prepared and their potential as injectable and biodegradable tissue engineering scaffolds demonstrated. [54] [55] [56] This approach could potentially be applied to the preparation of styrene-based porous materials as styrene-based particles of opposite charge can easily be prepared by soap-free emulsion polymerisation. [57] [58] [59] [60] Emulsion polymerisation is an attractive technique owing to its simplicity, low cost, high yield, and use of water as a non-toxic and environmentally friendly solvent. The use of water is also advantageous for its excellent heat dissipation during the course of polymerisation, and this technique has been widely utilised in industry for the preparation of large quantities of latex for surface coatings, such as paints and adhesives. 61 The soap-free emulsion polymerisation approach is therefore particularly attractive due to the absence of surfactant, [57] [58] [59] [60] which in addition to the concerns raised above, can result in destabilisation of the latex upon removal. 58, 60 However, the poor mechanical rigidity of colloidal gels, due to the absence of covalent bonds between particles and their associated characteristic yield stress, makes physical handling and the application of pressure for flow-through applications, challenging. This is particularly problematic if the gel is intended for use as a stationary phase in liquid-based separation science. It would therefore be desirable to improve their rigidity, which can be achieved by introducing crosslinking points through chemical crosslinking. 2, 62 A similar process has previously been applied for poly(styrene)-based particles prepared from emulsion polymerisation for the preparation of macroporous materials. 62, 63 In this case the addition of salt (NaCl) to the swollen latex resulted in aggregation of the particles, which were then crosslinked using residual monomer. However, these particles were prepared using the surfactant sodium dodecyl sulfate.
Here we report the use of styrene-based polymer latexes, prepared from soap-free emulsion polymerisation, for the preparation of porous colloidal gels. To assemble the colloidal gel both the use of oppositely charged latexes (strategy 1) as well as the addition of electrolyte (strategy 2) to trigger flocculation are exploited. To reinforce the mechanical properties of the three dimensional colloidal network we covalently crosslink the particles together with a subsequent free radical polymerisation step. This "curing" process renders the originally soft colloidal gels into rigid porous monolithic materials as a greener alternative for the preparation of styrene-based polymer monoliths, with the use of water as an industrially and environmentally friendly solvent (low VOC), the absence of molecular surfactant (low SOC), and limited purification the main advantages. The synthetic strategies employed in this work are shown in Scheme 1.
Additionally, we show that some control of pore size can be gained upon varying the size of the polymer colloids used. Larger particles result in a corresponding increase in pore size, which is important for lower operating backpressures and enabling high-throughput when used for flow-through applications. Finally, the high mouldability intrinsic to these colloidal gels pre-curing allows for easy preparation of monolithic materials in a variety of macroscopic shapes.
Experimental section

Materials
Acetone (≥99%), ammonium persulfate (APS, 98%), di(ethylene glycol) diacrylate (DEGDA, 75%), dimethyl sulfoxide-d 6 (DMSO-d 6 ), divinylbenzene (DVB, 80%), styrene (Sty, ≥99%), 4-styrenesulfonic acid sodium salt, triethylamine (≥99%), N,N, N′,N′-tetramethylethylenediamine (TEMED, ≥99%), and 4-vinylbenzyl chloride (90%) were obtained from SigmaAldrich. Acetonitrile (ACN, ≥99.8%) and AR grade MeOH (≥99.6) were obtained from VWR. 2,2-Azobis(2-methylpropanimidamide) dihydrochloride (V-50, 98%) and hexadecane (≥98.5%) were obtained from Acros Organics. Azobisisobutyronitrile (AIBN, GPR) was obtained from BDH and was re-crystallised from MeOH. EtOH (>99%) was obtained from Chem-Supply. Sunflower oil (Woolworths essentials) was obtained from Woolworths Limited. Distilled H 2 O was utilised for all experiments. All chemicals used as received unless otherwise specified.
Synthesis of the cationic co-monomer
The triethyl(4-vinylbenzyl)ammonium chloride (TEVBAC) cationic co-monomer was synthesised using the Menschutkin reaction between 4-vinylbenzyl chloride and triethylamine as reagents based on a method for the synthesis of trimethyl (vinylbenzyl)ammonium chloride (TMVBAC) 57 as follows:
4-vinylbenzyl chloride (1.00 g, 6.55 × 10 −3 mol) and triethylamine (1.99 g, 19.7 × 10 −3 mol) were added to a 50 mL round bottom flask containing acetone (5 mL). This was sealed with a rubber septa and the contents shaken. The mixture was stored at room temperature in the dark during which crystallisation of the product occurred. The, white needle-like crystals were collected by Buchner filtration, and washing with aliquots of cold acetone. The crystals were stored under a dry nitrogen atmosphere because of their marked hydroscopic nature. The isolated product (40% yield ‡) was characterised by 1 Fig. S3 and Tables S1-S3 †). All of which were consistent with the formation of TEVBAC.
Synthesis of poly(styrene) latexes by soap-free emulsion polymerisation
A typical soap-free emulsion polymerisation process was adopted and is summarised as follows: styrene (9.9 g) was added to a continuous phase consisting of cationic (TEVBAC) or anionic (sodium styrene sulfonate) co-monomer (0.1 g) and H 2 O (90 g) in a 250 mL round bottom flask. A stirrer bar was added, the flask sealed with a rubber septa, and the contents purged with N 2 gas for 20 min. The system was kept under N 2 for the duration of the polymerisation with constant stirring. The reaction vessel was heated to 70°C using an oil bath and after 15 min the initiator solution (0.01 g of either cationic (V-50) or anionic (ammonium persulfate) initiator dissolved in 1 mL of deoxygenated H 2 O) was injected through the septa. This was left at 70°C for 12 h to reach near complete monomer conversion. The final solids content of the latexes were determined by gravimetry.
Scheme 1 Schematic representation for the formation of crosslinked colloidal gels from oppositely charged latex particles prepared from the soap-free emulsion polymerisation of styrene using different initiators (Strategy 1) or from the addition of electrolyte to a cationic polymer latex (Strategy 2). ‡ The synthetic conditions were not optimised as part of this work. Higher yielding synthetic routes are also available for the preparation of the TEVBAC monomer, [91] [92] [93] however they are more complicated. Alternatively, TMVBAC, which can also stabilize latexes prepared with V-50, 57 is currently readily available for purchase from the Sigma-Aldrich catalogue. [94] [95] [96] Particles of considerably larger size were synthesised without ionic co-monomer under semi-batch conditions 57 General procedure for the preparation of colloidal gels
The latexes were initially concentrated under reduced pressure (to overall solids content of ∼30 wt%, the value determined gravimetrically). The higher solids latexes were then diluted with H 2 O to obtain the desired solid content (in the range 5-25 wt%) needed for the colloidal gel formation experiments. Strategy 1: A mixture consisting of oppositely charged latexes was then prepared in a glass vial by mixing equal amounts of the positively charged latex and the negatively charged latex. Flocculation was promoted by mild sonication using an Elma Elmasonic P sonicator bath (80 kHz, 5 min, 100% power). The gel was left to sett at room temperature for at least 2 h prior to characterisation. Inversion of the vial was performed to evaluate the cohesiveness of the gel, 50, 64, 65 with photographs taken after 20 min equilibration time.
Preparation of crosslinked colloidal gels
A series of colloidal gels were prepared at 20 wt% as described above, except one latex was diluted with different amounts of DEGDA (containing 1 wt% AIBN w.r.t latex solids) in the range 10-30 wt% (w.r.t. total solid content of the resulting gel) and the amount of H 2 O added was adjusted accordingly. For example, to prepare 1 g of gel from 30 wt% latexes with 20 wt% DEGDA, 0.33 g of A01 was diluted with 0.04 g of DEGDA and 0.13 g H 2 O, while 0.33 g of V01 was diluted with 0.17 g of H 2 O before combining. After equilibration (20 min) these colloidal gels were placed in an oil bath at 60°C for 24 h. Neither the latexes nor the resulting gels were degassed prior to curing. The resulting materials were then washed in H 2 O with gentle agitation and characterised once the washings remained visually clear. A series of crosslinked colloidal gels were also obtained using a single latex using strategy 2. Here, a cationic polymer latex was diluted with H 2 O and various amounts of DEGDA in the range 15-65 wt% (w.r.t. solids). However instead of AIBN, APS was added at a concentration of 1 wt% (w.r.t. solids) using a 0.04 mg mL −1 solution of APS, to promote coagulation before equilibration and curing. The amount of H 2 O added to the latex was varied so that upon addition of DEGDA and APS solution, an overall latex concentration of 20 wt% was obtained. The colloidal gels were then cured thermally, or by the addition of TEMED at room temperature.
Macroscopic shape variation of the polymer monoliths
Colloidal gels (2 g each) were prepared in 10 mL glass vials using the approaches described above, where DEGDA was incorporated at 30 wt% (w.r.t. solids). Cylindrical formats were obtained simply by using glass vials as the mould and curing. The resulting materials were removed by carefully smashing the glass vials. Flat sheets were prepared by sandwiching the gel between two glass slides (76 mm × 26 mm, 1.0-1.2 mm thick, Academy Science Limited) and curing. Removal of the top slide resulted in the obtainment of a continuous flat sheet.
Other formats (such as a pyramid) were also prepared by moulding the gel using a spatula into the desired shape and then curing. The resulting materials were all gently washed with H 2 O using a wash bottle, air-dried, and then photographed. The polymer disks for porosity measurements were prepared by crosslinking 1 g of the colloidal gels using either 20 or 30 wt% DEGDA (w.r.t. solids) in 4 mL glass vials. After curing the vials were carefully smashed and the resulting disks were removed and rinsed with H 2 O. These were then dried in a vacuum oven for 1 week prior to analysis.
Characterisation
Nuclear magnetic resonance (NMR) spectra were recorded in DMSO-d 6 on a Bruker Advance III HD operating at 300 MHz at room temperature. NMR data was exported and redrawn using Origin® 8.5 (Northampton, MA, USA). Crystal structures were determined by mounting suitable crystals on a glass fiber with Fomblin oil®, which were then placed on an Xcalibur Gemini diffractometer with a CCD area detector. Crystals were kept at 150 K during the data collection 66 and the structure was solved using Olex2 67 with the ShelXS 66 structure solution program using Direct Methods and refined with the ShelXL 68 refinement package using least squares minimisation. Particle size and particle size distributions were measured by dynamic light scattering (DLS) using a Malvern Instruments Zetasizer (Nano-ZS) using dilute latex samples. Zeta potentials were also measured using this instrument using dilute latex samples. SEM micrographs were obtained using a Zeiss Supra™ 55VP field emission scanning electron microscope, with secondary electron detection, operating in high vacuum mode with an acceleration voltage of 15 kV. Samples were first dispersed in H 2 O and evaporated onto silicon wafers attached to aluminium stubs, before being sputter-coated with carbon using an Emitech K950X sputter-coater or gold coated using a Polaron Range sputter coater. The average pore size was estimated by measuring the diameter of 500 pores. Histograms were obtained from these data sets using 22 bins, where the bin width was calculated by dividing the range of values by the number of bins. Theoretical normal distributions were also obtained based on the mean and standard deviation over a range of ±3 standard deviations using 200 points.
The specific surface area was obtained with the BrunauerEmmett-Teller method 69 using a Micromeritics Tristar II 2020 automated nitrogen sorption-desorption instrument. Prior to analysis, all samples were dried in a Micromeritics SmartPrep at 60°C for 48 h. This was performed using ∼200 mg of sample and in triplicate. Mercury intrusion porosimetry (MIP) was performed on selected samples using a Micromeritics AutoPore IV 9505 porosimeter. Penetrometers with a stem volume of 0.4120 mL and a bulb volume of 3 mL were used. Intrusion pressure was started at 1.5 psi and was increased to a final value of 33, 000 psi. The average pore diameter was calculated using the range 30-4000 nm. This was performed in triplicate using ∼200 mg of sample. The porosity was estimated by immersing dry polymer disks in a variety of solvents for 24 h. At least three disks for each sample were immersed and their mass and dimensions were recorded both prior and after immersion. At least one of the disks for each sample was immersed in the solvents for only 30 min. The porosity in the wet state (φ w ) can then be calculated from the following equation:
where V w is the volume of the swollen polymer disk, Δm is the change in mass of the disk and ρ is the density of the solvent, which are 0.786, 0.789, 0.773, 0.792, 1.00 and 0.914 g mL −1 for acetonitrile, EtOH, hexadecane, MeOH, Milli-Q H 2 O and sunflower oil at 25°C.
Results and discussion
The preparation of oppositely charged latexes
Two latexes of opposite charge were prepared from the soapfree emulsion polymerisation of styrene using APS and V-50 as water-soluble initiators, and were denoted as A01 and V01, respectively. These initiators provide a surface charge to the latex through their fragmentation, with a negative charge provided by APS 70 and a positive charge provided by V-50, 57, 71 thus promoting latex stability through electrostatic stabilisation. 70 Ionic co-monomers of similar charge, sodium styrene sulfonate in the case of APS and TEVBAC in the case of V-50 (1 wt% for each system), were also included to enhance the stability of these latexes. In the synthesis of both A01 and V01 near complete monomer conversion was achieved. The polymer latexes had characteristic low particle size dispersities, and possessed an average particle diameter in the order of 100 nm (Table 1) , with A01 having an average diameter of 80 ± 10 nm by SEM and 109 ± 1 nm by DLS, while V01 had an average diameter of 130 ± 20 nm by SEM and 172.5 ± 0.4 by DLS. This was consistent with previous reports. 57, 70, 72, 73 In addition, for both A01
and V01 the sign of their zeta potentials were consistent with their expected charge ( Table 1 ). Both latexes also appeared stable with no obvious sign of coagulation, and their SEM images ( Fig. 1) showed no evidence of secondary nucleation, which is the generation of a new smaller batch of particles. The reason for the difference in average particle diameters as determined by SEM and DLS is related to the way that DLS works. DLS measurements tend to be an overestimate, as (1) the scattering intensity is more pronounced for larger particle sizes (the intensity is proportional to the sixth power of particle diameter) and (2) it measures the hydrodynamic size which means that the extent of the electrostatic double layer needs to be taken into account in the data interpretation.
No purification of these latexes was performed in order to keep the synthetic strategy as simple as possible, and to demonstrate the versatility of this approach. It should also be noted that large quantities of latex can easily be prepared using this methodology, 57, 70, 72, 73 with the size of the reactor or flask the main limiting factor, which is an important consideration for preparation at the production scale.
Formation of colloidal gels
The possibility of preparing colloidal gels was explored by combining A01 and V01 at equal weight percent at a variety of concentrations in the range 5 to 25 wt%. Since these latexes were originally synthesised at ∼10 wt%, in order to obtain latexes of different concentration, both latexes were concentrated under reduced pressure to ∼30 wt% and then diluted. It is possible to prepare latexes with higher concentrations using the soap-free emulsion polymerisation approach, 71 in a more energy efficient process, however alterations in the monomer concentration during synthesis is known to influence both the particle size and the number of particles present in the resulting latex. 71, 72 This was avoided so that any differences between these gels could be attributed solely to the particle concentration. No significant changes in the properties of these latexes ( particle size, particle size distribution, and the sign of their zeta potential) were observed upon concentration (Table S4 †) . To promote gel formation the vials containing the mixture of the latexes were sonicated mildly to ensure the same energy input in all cases, as this is likely to be variable when shaking these vials by hand. a The following nomenclature is used, samples prepared with APS start with an A, while those prepared with V-50 start with a V. b Average particle diameter determined from DLS measurements using dilute samples.
c Average polydispersity index obtained from the DLS measurements. d Average particle diameter measured directly from SEM images of dilute samples with at least 300 particles measured.
e Average wt% determined from gravimetry after synthesis.
f Conversion determined from mass of monomer added and the mass of latex obtained. g Average zeta potential determined from dilute latex samples.
h Estimate of conversion before dialysis.
Upon inspection, clumps were observed, rather than a continuous gel, for the lower concentrations of 5 and 10 wt%, and these exhibited significant flow upon inversion (Fig. 2) . This is a result of the particles being too distant from each other, due to the high water content. 55 Cohesive gels were only obtained for particle concentrations greater than 10 wt%, with 15, 20 and 25 wt% resulting in a single plug of material, which exhibited greater resistance to flow (Fig. 2) . Physical manipulation of these gels revealed that more viscous structures were obtained for latex concentrations of 20 and 25 wt%, when compared to 15 wt%. In comparison, individual latexes exhibited a high degree of flow (Fig. 2) . The cohesive nature of these gels is therefore predominately provided by the electrostatic interactions between the oppositely charged particles, although it does also depend on van der Waals interactions and steric hindrance. 51, 74 An increase in the number of particles per unit volume therefore results in an increase in the number of these interactions, with increases in particle concentration corresponding to gels with greater viscosity and elastic moduli. 50 In addition, these gels appeared to be highly mouldable and capable of retaining their shape, which makes them excellent candidates for polymer monolith precursors, as the ability to easily prepare a variety of formats is one of the advantages polymer monoliths posses over conventional formats such as packed-beds. 75 SEM analysis (Fig. 3) revealed that the materials prepared at particle concentrations of 15, 20 and 25 wt%, as well as the clumps obtained at 5 and 10 wt% (Fig. S4 †) , possessed a porous morphology. No significant difference in morphology was observed with the particle concentrations utilised, and their porous nature appeared to be the result of interstitial space between closely packed particles in a cluster, coupled with the presence of voids, presumably resulting from multiple clusters intersecting imperfectly. This resulted in an average pore size of 100 ± 50 nm for the particle concentration of 20 wt%. This is in comparison to the large cellular domains sometimes observed with other systems. [51] [52] [53] This porous structure did not appear to be related to the removal of H 2 O during the imaging process, as individual latexes, which were dried and then imaged, appeared to be more densely packed with a higher degree of order, and no particle clusters were observed (Fig. 4) . However it is important to consider that these SEM images may not be representative of the structure of the colloidal gel in solution, as any shrinkage, as a result of their non-rigid nature, could have altered their morphology. Regardless, the particle arrangement observed resulted in pore sizes in the order of the particle dimensions, with pores less than 300 nm present.
Formation of crosslinked polymer monoliths from colloidal gels
Chemical crosslinking was employed to improve the rigidity of the colloidal gels made at 20 wt% overall solids. This concentration of polymer colloids was chosen as it was sufficiently cohesive (Fig. 2 ) while still maintaining a high water content and therefore porosity. A chemical crosslinking step was utilised to improve the mechanical properties of polymer monoliths, while also restricting the degree to which the network can shrink or swell in different solvent environments. 2, 76 The increase in mechanical properties is due to the introduction of covalent bonds, during the chemical crosslinking process, and these are stronger than the particle interactions responsible for the cohesive nature of the gels. 55 We chose to reinforce our colloidal gels with 10-30 wt% crosslinkable monomer, to be utilised in the curing step to prepare the polymer monoliths. Initial experiments focused on the incorporation of DVB, which is commonly used in the preparation of poly(styrene)-based monoliths. 15, 31, 75, 77 However, this resulted in significant immediate coagulation of the individual latexes, even for DVB contents as low as 10 wt% (w.r.t. solids) (Table S5 †). We therefore changed DVB for a less hydrophobic crosslinker. As such DEGDA was incorporated in the range of 10-30 wt% (w.r.t. solids). An additional benefit is that DEGDA, being an acrylate, polymerises markedly faster than divinylbenzene which can be of benefit as it reduces the overall curing time. The crosslinking monomer has the ability to swell the polymer particles and potentially upon colloidal gel formation lead to capillary bridging between particles. The relatively low water solubility of DEGDA should encourage the polymerisation to occur onto/ in the colloidal gel network rather than gelling of the aqueous phase, which would reduce the porosity and permeability of the resulting material. The incorporation of DEGDA in this range did not appear to compromise the stability of the individual latexes, nor the ability to obtain cohesive gels.
The resulting gels were therefore cured thermally using AIBN as initiator by dissolving this initially in the DEGDA crosslinker. When 10 wt% DEGDA (w.r.t. total solid content of the gel) was utilised, this resulted in a material post-curing with the same consistency as the original colloidal gel before its reinforcement through polymerisation. However when DEGDA concentrations of 15 wt% and above were utilised rigid polymer monoliths were obtained. Washing these materials with H 2 O or MeOH did not appear to compromise their integrity and the washings remained clear, suggesting the latex particles were incorporated into the continuous network.
SEM analysis (Fig. 5) revealed that the material prepared with 15 wt% DEGDA possessed a very similar morphology to that of the non-crosslinked colloidal gels (Fig. 3) . However, closer inspection revealed there were regions where multiple particles were fused together, with what appeared to be a smooth polymer coating. This coating is consistent with previous reports, where DEGDA was used to encapsulate calcium carbonate particles. 78 As the DEGDA content was increased this fused morphology became more predominant. This is clearer at higher magnification (Fig. S5 †) . Thicker coatings were present for 25 wt%, however this material appeared more heterogeneous, with large variations in thickness of the coating observed.
In terms of the porous morphology, the presence of this polymer coating resulted in a reduction in the interstitial space between the particles in a single cluster, however this did not appear to compromise the voids present between adjacent clusters, with an average void size of 140 ± 80 nm by SEM and 80 ± 10 nm by MIP for the material prepared with 20 wt% DEGDA. This was not statistically different to that of the original colloidal gels, however the slightly higher value obtained by SEM could be related to reduced shrinkage upon drying, associated with increased crosslinking density.
2,76
The polymer monoliths made by this supracolloidal approach possessed a specific surface area of 38 ± 4 m 2 g −1 , slightly higher than the surface areas typically achieved with conventional polymer monoliths, which are often below 10 m 2 g −1 . 20, 79 The material also exhibited a type II isotherm (Fig. S13 †) , consistent with the obtainment of a macroporous material. As expected, the thickest polymer coatings were achieved for 30 wt% DEGDA, and this did appear to compromise its porous nature. As such the use of 20 wt% DEGDA appeared to be optimal for these materials, as this resulted in a reasonably homogenous porous material with good rigidity.
Formation of porous materials using a single latex
Curing of the colloidal gels was performed using AIBN as thermal initiator, as we noticed that the addition of APS to the individual latexes resulted in their coagulation, with small clumps initially observed which became larger over time. This occurred due to the increase in ionic strength, which depresses the electrostatic double-layer, allowing for greater contact between the particles. 58, 60, 71, 80, 81 If APS was present at 1 wt% (w.r.t solids), or higher, full coagulation of the latex was observed over a period of 2 h for V01. While coagulation of A01 and V01 prevented their combination, SEM analysis (Fig. S6A †) revealed that the gel obtained for V01 also possessed a porous structure similar to the previous colloidal gels obtained (Fig. 3) . This potentially allows for the preparation of rigid porous materials using only one latex, where the initiator not only promotes the crosslinking process, but also the formation of the colloidal gel itself. The addition of salt to particle suspensions has previously been used to induce their aggregation allowing for the obtainment of macroporous materials. 62, 82, 83 However, the ability to use the thermal initiator, which itself is a salt, to initiate this process further simplifies this process. DEGDA was therefore included in the range 15-65 wt% (w.r.t. solids) before the addition of APS. Again the presence of DEGDA did not compromise the ability to obtain cohesive gels and thermal curing resulted in the obtainment of rigid cylinders in all cases. SEM analysis (Fig. 6 ) revealed similar results to that obtained above with 15 wt% DEGDA resembling that of the non-crosslinked colloidal gels, and as the DEGDA content was increased a fused morphology became more predominant up to 30 wt% DEGDA. The average pore sizes for these polymer monoliths was also similar with a value of 170 ± 60 nm by SEM and 150 ± 20 nm by MIP in the case of 30 wt% DEGDA. This material possessed a specific surface area of 25 ± 3 m 2 g −1
, which was consistent with a slightly higher average pore size. Coagulation, prior to curing, appeared to be a requirement for the obtainment of these porous materials, as simply curing the latex, using AIBN instead of APS, resulted in a non-porous material consisting of particles trapped within bulk polymer (Fig. S7 †) . Increasing the DEGDA content above 30 wt% resulted in significantly thicker coatings, and in contrast to the smooth coatings obtained previously, a cauliflower type morphology was observed. This was present for both 40 and 65 wt% DEGDA. It is likely that the increased DEGDA content is simply resulting in the formation of uneven polymer layers, alternatively this could be resulting in the formation of a secondary batch of particles, which are fusing with the existing particle network, however this is less likely. Regardless, the thicker coatings significantly reduced the porous nature of these materials and it is clear that the preparation of porous materials is possible using this approach. In addition to offering a simpler process for the preparation of these porous materials the use of APS as initiator also has an additional advantage, that is it can be coupled with TEMED to allow for rapid polymerisation of these materials at room temperature [84] [85] [86] (Fig. S9 †) .
Given the pore sizes observed appear to be in the order of the particle dimensions, the use of larger particles would be expected to result in the production of larger pores, which is an important consideration for obtaining materials with greater permeability and lower resistance to mass transfer. 14, 85, 87 A positively charged latex with larger particle diameter was therefore synthesised using V-50 as initiator and a continuous phase consisting of a 5 : 2 mixture of H 2 O and MeOH as outlined by Bon et al. 57 This was synthesised without co-monomer, and these particles were denoted as V02 ( Table 1 ). The resulting latex possessed an average particle dia- meter of 470 ± 50 nm by SEM and 560 ± 10 nm by DLS and a positive zeta potential. This was consistent with previous reports where an ionic co-monomer was absent. 57, 70, 72 In addition, no secondary nucleation was apparent (Fig. 1) . Dialysis of this latex against H 2 O was performed to remove this co-solvent, allowing for fair comparisons to the materials prepared with H 2 O only. The addition of APS at 1 wt% (w.r.t. solids) to 20 wt% V02 also resulted in full coagulation of this latex and this gel was porous in nature (Fig. S6B †) . Thermally curing these gels with DEGDA concentrations in the range 20-65 wt% (w.r.t. solids) produced rigid cylinders and SEM analysis (Fig. 7) revealed similar trends to those above, with 20 wt% DEGDA resembling that of the colloidal gel, while DEGDA contents of 30 and 40 wt% resulted in predominately fused structures with thicker coatings. Fig. S8 † clearly demonstrates that this fused morphology is directly related to the presence of the crosslinker, and not as a result of coagulation, or drying of these latexes. In terms of the porous morphology, larger pore sizes were observed compared to the materials prepared with the smaller V01 particles (Fig. 6) , with an average pore size of 0.8 ± 0.6 μm by SEM and 0.64 ± 0.07 μm by MIP for the material prepared with 30 wt% DEGDA. This increase in pore size was also supported by a significantly lower specific surface area of 5.6 ± 0.2 m 2 g −1 . Voids of this size are important for applications requiring high permeability such as chromatography, 88 as flow-through catalytic reactors, 5 or for the transport of nutrients in tissue engineering. 89 Lower magnification images (Fig. S10 †) demonstrate the porous morphologies of these materials more clearly. In the case of 65 wt% DEGDA a material with cauliflower type morphology was again observed with, as a result of the thicker coating, significantly reduced void size. Provided the DEGDA content was below that required for the onset of this morphology, the pore sizes obtained for these materials appear to be directly correlated to particle size, with voids present in the order of the particle dimensions. This is clear when comparing the pore size distributions obtained from the 20 wt% gels by SEM (Fig. 8) and the pore size distributions obtained from the cross-linked materials from MIP (Fig. S14 †) . This potentially allows the porous properties of these materials to be easily predicted, allowing for the preparation of materials specifically designed for particular applications, without an extensive optimisation process, as is the case when using a new porogenic solvent or monomer system. 22 For example, materials with small pore sizes and higher surface areas are useful for bulk catalysis, adsorbents, and for gas storage, whereas larger pore sizes are important for applications such as flow-through reactors, biochromatography and tissue engineering. In addition, the particle size and particle size distribution can easily be varied in the soapfree emulsion polymerisation approach, through changes in a variety of parameters, which include the reaction temperature, monomer concentration, initiator and co-monomer concentration, and the ionic strength.
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Preparation of crosslinked colloidal gels with different shapes
All gels prepared in this work, including those prepared using a single latex, were highly mouldable, which potentially allows for the preparation of these materials in a variety of formats. The use of vials has already been demonstrated to result in the formation of rigid cylinders (Fig. 9A) , however a range of other formats can also easily be prepared as demonstrated in Fig. 9 for the colloidal gels obtained using V02. A flat sheet (Fig. 9B ) was prepared simply by sandwiching the gel between two glass slides, while a pyramid (Fig. 9C ) was prepared by moulding the gel with a spatula into the desired shape on a glass slide. This was possible as these gels are capable of maintaining their shape in the absence of an external force, and both became rigid after curing. The other gels used in this work could also easily be prepared in these formats (for example the materials obtained using V01 is shown in Fig. S11 †) . This demonstrates that a wide variety of formats can readily be prepared, which is important for enabling their use in a wide variety of applications. For example, pumping the gels into column housing could enable their use for chromatography, 14 or as catalytic supports, 4-7 while the flat sheet format could be useful for the manufacture of plates for thin-layer chromatography (TLC). 16 The freestanding nature of these gels is particularly advantageous as it provides the possibility of preparing these materials without a mould (Fig. 9C & D) , which is not possible when using a porogenic solvent. 22 
Solvent behaviour
In order to access the suitability of these materials for different applications, polymer disks prepared from the combination of A01 and V01 or using V01 and V02 only were immersed in solvents of varying polarity. For the gels obtained from A01 and V01 20 wt% DEGDA (w.r.t. solids) was utilised in the crosslinking process, while 30 wt% DEGDA (w.r.t. solids) was utilised for the V01 and V02 gels. The solvents investigated included Milli-Q H 2 O, MeOH, EtOH, ACN, hexadecane and sunflower oil. The porosity values calculated for these disks by immersion in these solvents are shown in Table 2 , as well as the theoretical porosity, which was calculated from the H 2 O content, assuming full conversion and incorporation of the crosslinker into the resulting material. In most cases the values obtained were in agreement with the theoretical porosities, which were 76% and 74% when 20 and 30 wt% DEGDA were utilised for crosslinking, respectively. These values are higher than that of conventional polymer monoliths, which are often prepared with a porosity of 60%, but similar to that of poly(HIPE)s which have porosities in excess of 74%. The change in volume observed for these disks was also negligible for all solvents (Table S6 †), excluding acetonitrile, suggesting these values were reflective of the porosity in the dry state. Acetonitrile is a relatively good solvent for linear poly(styrene), so in this case it is possible that some linear chains from the original latex particles may hypothetically leach out. To avoid this the original latexes could have been lightly crosslinked with 0.5-1 wt% (w.r.t. styrene) of divinylbenzene in their formulation. Given these disks were simply immersed in these solvents, without any applied pressure, this also suggested that the liquid was being drawn into the pores of the polymer disk by capillary action, rather than the swelling of the polymer. This was also observed to occur rapidly with negligible change in mass of the disks after 30 min of immersion, even when sunflower oil was utilised as the solvent.
This behaviour is particularly important for several applications and suggests the potential for these materials to be utilised in TLC or for extraction, where greener solvents such as ethanol or even aqueous solutions could be utilised. The uptake of H 2 O was of particular interest given the strong hydrophobic character typically associated with poly(styrene) monoliths. 90 It appeared as though the inclusion of DEGDA resulted in an increase in the hydrophilicity of the material allowing for H 2 O uptake by capillary action, which is typically not possible for poly(styrene)-based monoliths. In fact the amount of DEGDA present appeared to directly correlate to the amount of H 2 O absorbed, with the disks prepared with 20 wt% DEGDA absorbing significantly lower amounts of H 2 O by mass (Table S7 & Fig. S12 †) , resulting in a lower than expected porosity of 50 ± 10%. This is in comparison to the disks prepared with 30 wt% DEGDA, which had porosities consistent with those obtained using the other solvents (Table 2) . For all other solvents the amount absorbed correlated to the pore volume of these disks, with the mass of solvent entering the disks ranging from 110 to 220% by mass relative to the mass of the dry disks (Table S7 & Fig. S12 †) , thus resulting in porosity values of ∼70% ( Table 2 ). The inclusion of DEGDA has therefore resulted in the ability of these disks to absorb solvents of varying polarities ranging from H 2 O to hexadecane. In addition, no incompatibility with these solvents was observed with minimal swelling/ shrinkage of these disks as a result of the crosslinking process utilised. These disks did however swell to a small degree in acetonitrile, with a change in volume of ∼20% compared to the original volume observed (Table S6 †) . However, no shrinkage or swelling was observed for the other solvents.
Conclusions
Mechanically robust and solvent resistant polymer monoliths were made using colloidal gels which were reinforced through a post-polymerisation step using diacylates as crosslinker. The colloidal building blocks for the gels were poly(styrene) latexes synthesised by soap-free emulsion polymerisation. This waterborne and low-SOC approach potentially offers a greener alternative in comparison to the use of a porogenic solvent or an emulsion template, with the use of only H 2 O and/or MeOH as solvents, the absence of surfactant, and minimal purification the main advantages. Chemical crosslinking was employed through the introduction of DEGDA.
The phase separation of the crosslinker during curing resulted in the presence of a polymer coating, with increases in the DEGDA content resulting in thicker coatings and ultimately a predominately fused morphology. It is expected that the presence of this coating would have modified the surface chemistry, and may offer an alternative method for surface functionalisation through the incorporation of additional water-soluble crosslinkers. This is a focus of future work. Initial experiments focused on the preparation of these materials using two latexes, however it was found that similar materials could be obtained through the addition of APS to a single latex, where it both promoted the formation of the colloidal gel and initiated the crosslinking process. The use of APS as initiator also allowed for the rapid curing of these materials at room temperature through the addition of TEMED.
In conjunction to the greener advantages, this approach also offered some unique advantages over conventional synthetic strategies. For example, the pore size of these materials was found to be in the order of the particle dimensions, with the use of larger particles resulting in materials with larger pore size. Given particles of different size can easily be prepared using the soap-free emulsion polymerisation approach this offers the ability to easily prepare materials with desired porous properties for particular applications. Additionally, the high mouldability of all gels prepared in this work afforded the possibility to prepare these materials in a variety of formats and more importantly without the use of a mould. This approach is therefore expected to be applicable for the preparation of polymer monoliths for a wide variety of applications, including but not limited to, tissue engineering, catalysis, chromatography, extraction, sample preparation, and as absorbents. In particular these monoliths were found to posses relatively high porosities and were capable of rapidly absorbing solvents of varying polarity by capillary action, which suggested their applicability for TLC and extraction.
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